The behaviors of hydrogen (H) in MAX phase material Ti 3 SiC 2 have been investigated using first-principles method. We show that a single H atom prefers to stay 1.01Å down of the Si vacancy with solution energy of about -4.07 eV, lower than that in bulk Ti 3 SiC 2 . Multi H atoms exhibit a repulsive interaction at the Si vacancy. And up to five H atoms can be trapped by a Si vacancy without H 2 molecules formation. These results suggest the strong vacancy trapping characteristic of H atoms in Ti 3 SiC 2 . Meanwhile, the barrier for H diffusion from an interstitial site to a vacancy is 1.17 eV, which is much larger than that in metals, indicating that to some extent H atoms can not easily migrate or aggregate to form bubble in Ti 3 SiC 2 .
Introduction
Ti 3 SiC 2 is a typical MAX-phase (M n+1 AX n , where n =1, 2 or 3, M is an early transition metal, A is an A-group element, and X is either carbon or nitrogen) material, which was firstly synthesized in 1967 [1] . It has an unique combination of both metallic and ceramic properties, such as thermal-shock resistance [2] [3] [4] , high thermal conductivity [5] , exceptional oxidation resistance [6] , significant ductility and high strength [7, 8] . This unique properties enable Ti 3 SiC 2 a idea application under extreme condition, i,e, those proposed within future gas-cooled fast nuclear reactors (GFR) and further fusion programmes [9] [10] [11] [12] [13] [14] . Under neutrons irradiation in reactors, large amounts of vacancy defects and hydrogen impurities would be produced continually in the structural materials. It is well known that the behavior of hydrogen plays a very important role in mechanical properties of metals. H atoms has been shown to assist the vacancy formation and also can be trapped by the vacancy [15, 16] . The H atom has low energy barrier in metals, and usually diffuse, segregate, form bubble and finally degrade the mechanical properties of materials [17] . Previous researches show that the unique properties of Ti 3 SiC 2 were contributed to the nanolaminate crystal structure and the bonding properties [18] . And the structure and atomic bonding properties of Ti 3 SiC 2 are totally different from that in metals. Therefore, maybe H atoms in Ti 3 SiC 2 behave very differently. To date, most of theoretical studies focused on the chemical bonding of defect-free Ti 3 SiC 2 , Litter work has been done on the effect of H impurity. The behavior of H atoms in Ti 3 SiC 2 with vacancies is not fully understood. Therefore, to understand the interaction between H atom and vacancies in Ti 3 SiC 2 is in great need.
In the present work, we investigate behaviors of H atoms in Ti 3 SiC 2 using firstprinciples calculation. The stability, vacancy trapping and diffusion behaviors of H in Ti 3 SiC 2 were all discussed. These computational results might be not only beneficial for designing and processing of Ti 3 SiC 2 -based materials in realistic applications, but also beneficial for understanding the physical essence.
Method
The first-principles calculations of the molecular structure were performed using the density functional theory (DFT) and the pseudopotential plane-wave method implemented in the VASP code [19, 20] . A gradient-corrected form of the exchange correlation functional generalized gradient approximation (GGA-PW91) was used [21, 22] .The calculations were made using the plane-wave cutoff energy of 500 eV. And a 2×1×1 and a 2×2×1 super cell were performed. The k-points sampling Brillouin zone were 9×9×4 generated by the Monkhorst-Pack scheme [23] . The energy minimization was converged at atomic forces less than 0.001 eV/Å. (1), and Ti in 4f as Ti (2) . After fully relaxing the structure of Ti 3 SiC 2 , we obtained the lattice constants of a=3.075Å and c=17.561
A, in good agreement with the previous work [24] .
In order to find the most stable site of a single H atom in perfect Ti 3 SiC 2 , we calculated the solution energy of possible sites for a H atom. The solution energy of interstitial for a H atom in the Ti 3 SiC 2 is defined as In order to investigate the interaction between two H atoms in buck Ti 3 SiC 2 , we firstly placed two H atoms into I-Ti, I-SiTi and I-SiC three sits, and then calculated the binding energy between two H atoms, which is defined as To determine the number of H atom that a vacancy can accommodate, we calculate the trapping energy of additional H atoms segregating to the vacancy, which is defined
where E(nH, V + ref ) is the energy of Ti 3 SiC 2 with nH atoms and a single vacancy.
A negative value for the trapping energy represents the energy gain when the H atoms are trapped at a single vacancy site relative to being dispersed at a interstitial site.
The trapping energy as a function of the numbers of H atoms in a Si vacancy is illustrated in Fig. 2 .
By our calculation, we found that H atom occupation surrounding the vacancy in Ti 3 SiC 2 satisfies the rule of 'optimal charge density' [28] [29] [30] [31] [32] [33] , as shown in Fig. 3 . Fig. 3(a) ], lower than the value of 0.13 e/Å 3 for H surrounding I-SiC site in prefect Ti 3 SiC 2 (Fig. 4) . Therefore, the presence of vacancy reduces the electron density, and thus results in lower H solution energy in the vacancy. So the vacancy favorably trap H atoms.
For two H atoms, the trapping energy is -1.362 eV. They formed a dumbbell with H atoms residing on the up and down sides of a Si vacancy Fig. 3(c) . The distance of the two H atoms is about 2.25Å, which is much larger than that in a H 2 molecule can not be formed. But For the sixth H atoms, the tapping energy becomes positive, 0.184 eV, suggesting that the sixth H is energetically unfavorable been trapped by a Si vacancy. Therefore, the maximal number of H atoms that can be trapped by a Si vacancy is five.
Diffusion of H in Ti 3 SiC 2
We also calculated the diffusion energy barrier of H in Ti 3 SiC 2 with and without a Si vacancy. Here we use a drag method at a fixed volume and constrain the atomic positions to relax in a hyperplane perpendicular to the vector from the initial to finial positions [37] . As discussed above, in buck Ti 3 SiC 2 , I-SiC is the most stable site for a H atom. Therefore, as illustrated in Fig. 5(a) , the H atom in I-SiC (Site 1) can migrate to its equivalent site (Site 3) or its nearest neighboring I-SiC site (Site 2).
Then we calculated the diffusion barrier for the optimal diffusion path from I-SiC to its equivalent site (1-3 path) and the one from I-SiC to its nearest neighboring I-SiC 
